The effects of hydration on vibrational normal modes of solid trimethylamine N-oxide (TMAO) are investigated by Raman spectroscopy and electronic structure computations. Microsolvated networks of water are observed to induce either red or blue shifts in the normal modes of TMAO with increasing water concentration. By taking advantage of the selective and gradual nature of the water-induced shifts and using comparisons to theoretical predictions, the assignments of TMAO's normal modes are re-examined. Agreement between experiment and theory suggests that the oxygen atom in TMAO accepts on average at least three hydrogen bonds from neighboring water molecules.
Introduction
Trimethylamine N-oxide (TMAO, shown in Figure 1 ) belongs to a small class of organic molecules called osmolytes, which have been studied extensively both theoretically and experimentally because they play important roles in biological functionality. TMAO promotes the folding of biopolymers, such as proteins and nucleic acids, and also counteracts the denaturing effects of another osmolyte, urea, on the same biopolymers. 1, 2 Even though TMAO demonstrates a substantial degree of hydrophobic character, it has been found to be highly soluble in water due to its high dipole moment. In fact, it has been suggested that osmolytes are effective because of their noncovalent interactions with solvated water molecules in biological media. In solution, hydrogen bonds between TMAO and water molecules are stronger than the hydrogen bonds present in pure water. 3, 4 Because of the importance of noncovalent interactions in biological media, such weak interactions have been the main focus in attempts to explain the molecular mechanism of the stabilizing effects of TMAO. However, to date, the exact molecular mechanisms for the interaction between solvent, solute, and the protein have not been elucidated experimentally or theoretically due to the lack of a cohesive consensus. 2, 5 This is in part due to the several complex reactions that are involved in the process of solvent, solute and protein interactions. 6 Explanations for the molecular mechanism have been separated into two main types of hypotheses, termed "direct" and "indirect." These two terms are used loosely throughout the literature in either describing the mechanism or the interactions that are occurring. A direct mechanism or interaction is where the protein structure is changed (altered) by a direct interaction between the osmolyte and the protein (backbone) via electrostatic/van der Waals forces. An indirect mechanism is where the osmolyte interacts with water, altering the water structure, which then in turn changes the protein structure. 1, 7 Since a change in the water structure by the osmolyte is a key component in the description of the indirect mechanism, the dipole moment of TMAO has also been an area of interest when looking at possible explanations of the molecular mechanism. This is because it is suggested that since TMAO has such a large dipole moment that it could alter the water structure. 8 However, there continues to be a significant disagreement in the literature over this issue. 9 Early spectroscopic studies involving TMAO concentrated on establishing its geometry and molecular properties. Properties of interest to these early researchers included TMAO's dipole moment, bond properties, force constants, and symmetry. [10] [11] [12] [13] [14] [15] [16] [17] The dipole moment of TMAO has been studied extensively because of its magnitude being fairly large, indicating a semi-polar bond. 10 Over the years TMAO's dipole moment has been measured and calculated by many different methods. 3, 8, 10, 16, [18] [19] [20] [21] [22] The N-O bond length is also of interest in characterizing the physical properties and behavior of TMAO. 3, 14 Researchers are also interested in the physical properties of TMAO in the biological setting. Many spectroscopic studies, including infrared, 4, 11, 12, [23] [24] [25] [26] [27] [28] [29] [30] [31] Raman, 5, 14, 15, [32] [33] [34] NMR, 35, 36 UV-Vis absorption, 37 circular dichroism, [38] [39] [40] [41] and gas electron diffrac-tion 42 have been employed over the years to describe TMAO's molecular properties and help explain the effects of TMAO on hydrogen-bonded water networks and also biological environments in general.
Onori and Santucci have reported a number of vibrational spectroscopic studies 23, [25] [26] [27] 32 relating the effects of the mole fraction of TMAO to distortions in the hydrogen bond structure of water. In 2001 and 2002, they studied both the O-H stretching bands of water and the C-H stretching bands of TMAO using infrared spectroscopy. 23, 26, 27 Shifts in the C-H stretching bands could provide information on the self-aggregation of TMAO as a function of concentration. However, even though they observed a slight red-shift (shift to lower energy) in the O-H stretching region of water, they did not see any effects on the C-H stretching bands of TMAO. The red shift in water's O-H stretches suggested the creation of stronger hydrogen bonds. In 2004, they studied effects of TMAO on water structure using near-infrared spectroscopy. 25 Sharp, et al. also studied the effects of TMAO on water structure using infrared spectroscopy 4 and in 2009, Panuszko, et al. used isotopically labeled water (HDO) to study similar effects. 29 In the latter case, the authors showed that water interacting with TMAO formed stronger hydrogen bonds and exhibited a much more ordered hydrogen bonded network than pure water. Also in 2009, Rezus, et al. employed femtosecond mid-infrared pump-probe spectroscopy to study the effects of TMAO on the structural dynamics of neighboring water molecules. 24 By studying HDO, they observed a decrease in the vibrational relaxation rate of the OD vibration when the TMAO concentration was increased.
They also observed an increase in the reorientation rate of water because of added defects in the extended hydrogen bonded network.
Even though there have been a number of vibrational spectroscopic studies involving TMAO and its stabilizing affects on proteins, there are few reports in the literature employing the use of Raman spectroscopy to study the noncovalent interactions between TMAO and water and water's effects on the solvated TMAO molecule. Raman spectroscopy offers complementary information to that obtained when using infrared-based methods. In many instances Raman spectroscopy also offers opportunities to investigate the subtle effects of weak noncovalent interactions. 43 Early Ra-man studies of TMAO reported spectra in various solvents. 5, 14, 33, 34 In 1937, Edsall reported the Raman spectra of the TMAO·HCl complex in aqueous HCl solution. 33 Goubeau and Fromme later measured the Raman spectra of anhydrous TMAO in methanol solutions and assigned modes based on comparisons with similar molecules. 34 In 1966, Kuroda and Kimura measured the Raman spectra of TMAO·2H 2 O in aqueous solutions. 14 Even though they measured the Raman spectrum of the dihydrate, they are the first to report a polarized Raman spectrum of TMAO. Polarized Raman spectra are valuable in assigning symmetries of normal modes. Raman scattered light polarized perpendicularly to the incident laser polarization is less intense compared with the scattered light polarized parallel to the incident laser light for modes belonging to the totally symmetric irreducible representation, a 1 . These authors also calculated the normal vibrations of TMAO using normal coordinate treatment. Using these calculations and the polarized Raman lines, they assigned symmetries to the observed frequencies and corrected assignments made earlier by Giguere and Chin, 11 who had employed infrared spectroscopy to study TMAO. Choplin and Kauffman later reported the Raman spectrum of solid TMAO in 1970 and also assigned normal modes. 15 These later assignments agreed with the conclusions made by Kuroda and Kimura. 14 In 2006, Onori and Santucci employed Raman spectroscopy in an attempt to explain the hydrophobic effects of TMAO as a function of concentration. 32 This is the first and only report where noncovalent interactions between TMAO and water have been studied using Raman spectroscopy.
Their goal was to explain the molecular mechanism of protein stabilization by TMAO in water and its ability to counteract urea. They studied the Raman spectra of water in the O-H stretching region as well as the C-H stretching band of TMAO in the 2900 -3100 cm −1 region. These two regions were selected because the authors had previously studied the perturbation on the water structure using infrared 23, 26, 27 and near-infrared 25 spectroscopies. As in the case of the earlier infrared studies, the authors noticed only a slight red shift in the O-H stretching region and did not see any effects on the C-H stretching bands of TMAO.
Along with the many experimental investigations, a number of ab initio 3, 8, 21, 29, 42, 44 and simulation (including molecular dynamics 6, 7, 9, 22, 28, 29, 36, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] and Monte Carlo 4, 8 ) studies have also been performed. In the 1990's, Haaland, et al., 42 Noto, et al., 44 and Kast, et al. 21 first studied interactions between TMAO and water using ab initio methods. Haaland, et al. 42 8 Specifically, the authors were interested in comparing the effects of TMAO (a compensatory solute) on the surrounding water structure and comparing that to the effects of noncompensatory solutes such as urea. However, based on the solute/water interaction energies, they saw no clear differences in the effects on the surrounding water structure between the compensatory solutes and the noncompensatory solutes. 8 More recently, in 2010, Wei, et al. performed molecular dynamics simulations on TMAO-water clusters and reported that TMAO strengthens the hydrogen bonds between water molecules, significantly slows the orientational relaxation of water, and makes the hydrogen bond network more ice-like. 7 The authors asserted that the methyl groups on TMAO are responsible for these effects. In fact, most of the recent theoretical studies have come to the conclusion that TMAO strengthens the hydrogen bonds of the surrounding water molecules. However, Kuffel and Zielkiewicz assert that this strengthening effect is very small. 9 Most, if not all, of the previous experimental and theoretical studies involving TMAO's interactions with water have concentrated on perturbations in water's hydrogen bonded network. In general, spectroscopic studies to elucidate water's structure simultaneously interrogate all of the water molecules within the probe volume at once, rather than just the waters directly interacting with TMAO. 59 In contrast, spectroscopically probing the properties of TMAO in the presence of water can reveal the structure of the local water network directly hydrogen bonded to TMAO.
Also, for a complete understanding of the subtle interactions between TMAO and water, as well as TMAO's ability to stabilize proteins and counteract urea, an analysis of the effects on TMAO's properties when hydrated is also important in understanding these complex systems. 2 Here, we address these questions by reporting detailed Raman spectra of TMAO as it is solvated by water molecules starting with solid TMAO in an inert atmosphere to a final dilution of χ T MAO = 0.000625 in water, where χ T MAO indicates the mole fraction of TMAO in aqueous solutions. We compare the experimental spectra to the results of electronic structure calculations performed on molecular clusters consisting of one TMAO molecule surrounded by up to eight water molecules.
Experimental and Theoretical Methods Spectroscopic Methods
Commercial grade anhydrous Trimethylamine N-oxide (Sigma-Aldrich) was used without further purification. The excitation sources employed for Raman spectroscopy were the 514. 
Theoretical Methods
Optimum equilibrium geometries and corresponding electronic energies of TMAO and TMAO with up to eight water molecules were determined using density functional theory. 60, 61 The functional employed is the B3LYP hybrid functional comprising Becke's three parameter functional 62 using the LYP correlation functional of Lee, Yang, and Parr. 63 The basis set used is the augmented correlation consistent basis set aug-cc-pVTZ created by Dunning and co-workers. 64, 65 Before it is augmented, this basis set uses a triple-ζ description for valence electrons and a single-ζ de- Due to the possible importance of interactions between water and methyl groups, many of these initial geometries had water molecules near and interacting with the methyl groups. However, in most cases water molecules did not remain near the methyl groups during the optimization process. Figure 2 shows the Raman spectrum of solid anhydrous TMAO in a nitrogen environment. TMAO is very hygroscopic and readily forms a thin film of water within a few minutes in a humid atmosphere. 11 For this reason, care must be taken in obtaining the spectrum of anhydrous TMAO and several previous authors have concentrated their efforts on the dihydrate species. 5, 11, 14, 30, 31 Here, we revisit the vibrational spectrum of anhydrous TMAO and examine how it is affected by the presence of water. Shown in Figure 3 is a comparison of the Raman spectrum of solid anhydrous TMAO compared to a simulated spectrum from B3LYP/aug-cc-pVTZ harmonic vibrational frequencies of an isolated TMAO monomer. Overall, there is very good agreement between the experimental solid phase Raman spectrum and the electronic structure theory results. TMAO has C 3v symmetry and possesses eight modes of a 1 Peaks in the Raman spectrum of solvated and solid TMAO have previously been assigned 11, 14, 15, 22, 31 to normal modes and Table 1 summarizes these vibrational frequencies. Here, the comparison of the current higher resolution experimental spectra in an inert atmosphere (Current Raman in Table 1) with theoretical results (Current B3LYP) is used in confirming or updating these earlier assignments. Peaks in the calculated C-H stretching region have been scaled so that a meaningful comparison with experiment can be made. Four modes are expected to be present in the Raman spectrum below 600 cm −1 . Two of these modes (ν 8 and ν 24 ) are expected to be very weak, but are evident in the experimental spectrum in Figure 3 , very close to the expected energies. The other two modes (ν 23 and ν 24 ) are of e symmetry and are observed to split into multiple peaks, which is common in crystalline solids. experimentally, but was predicted by Haaland, et al. in 1991. 42 Three peaks are expected between 600 and 1000 cm −1 , although two of these are expected to be very close in energy. In this range only two large peaks are in fact evident in the experimental spectrum. Eight peaks should be present in the range 1000 -1500 cm −1 . The agreement between experiment and theory in this region is again very good with ν 5 , ν 19 , and ν 20 all appearing very close to the predicted energies. The observed spectral pattern exhibited by the remaining five modes appears very similar to that predicted by theory when splitting in the crystalline state is taken into account. This, however, contrasts earlier assignments found in Table 1 . The most prominent peak in this region is expected to stem from the e mode ν 17 and there is in fact a decent-sized doublet in the experimental spectrum near the expected location centered at 1465 cm −1 . Similarly, ν 18 , another e symmetry mode, is also observed to split as well and is centered at 1400 cm −1 . Peaks are also observed at 1497 and 1435 cm −1 where the a 1 symmetry modes ν 3 and ν 4 , respectively, are expected. Missing, however, is an assignment of ν 16 , although this peak is expected to be very weak. Below, shifts induced by the presence of water help confirm these assignments.
Results

Spectroscopic Results
Assignment of modes in TMAO's C-H stretching region is not straightforward as there are at least eleven peaks present in the solid phase experimental spectrum for just five Raman active fundamentals in this region. Splitting of modes and combination bands likely contribute to the complicated spectral features. Two of the five Raman active modes possess a 1 symmetry and three have e symmetry. In two cases, peaks of different symmetry are expected by theoretical predictions to be overlapped, making assignments even more complicated. The highest energy mode in this region is predicted to be ν 13 , which has e symmetry. The next two modes are expected to lie close in energy and are ν 1 (a 1 ) and ν 14 (e). The last two modes, ν 2 (a 1 ) and ν 15 (e), are also expected to be very close in energy with ν 2 expected to have the highest intensity in the region. Based solely on a comparison between experiment and theory, it is difficult to confirm previous assignments of modes without additional experimental information. Kuroda and Kimura 14 previously employed polarized Raman spectroscopy of the dihydrate in aqueous solution to aid in assigning these modes. As shall be shown below, however, the presence of water dramatically affects the normal modes of TMAO in this region. By taking advantage of this effect, assignment of C-H stretching fundamentals becomes possible. Figure 4 shows Raman spectra of solid anhydrous TMAO at various times after being exposed to an atmosphere of 50% relative humidity. TMAO is very hygroscopic and readily forms a thin film of water within a few minutes in a humid atmosphere. In fact, after about two hours a few milligrams of TMAO becomes totally enveloped in a full drop of water that has deposited. Here, this effect is taken advantage of in order to monitor how the Raman spectrum of TMAO gradually evolves with hydration. The C-H stretching region is immediately affected by the presence of 
Theoretical Results
To aid in the analysis of the experimental observations electronic structure computations were performed on a number of micro-hydrated clusters containing a TMAO monomer. Optimized equilibrium geometries of these clusters are shown in Figure 6 , and simulated Raman spectra of these explicit structures are compared in Figure 7 . Unsurprisingly, in all of the TMAO and water clusters, one or more water molecules form a hydrogen bond with the oxygen of the TMAO. Weak hydrogen bonding 67,68 between TMAO's hydrogen atoms and oxygen atoms on adjacent water molecules are also present in some of the larger clusters. These intermolecular interactions in turn affect the structure of TMAO. One result to note is the N-O bond distance. The B3LYP/aug-ccpVTZ prediction of the N-O bond distance in TMAO is 136.5 pm. This distance is greater in each of the micro-hydrated clusters. In the structure with only one water (1W), it is 137.9 pm, and in structure 2W-B it is 138.0 pm; but in all of the other systems, the N-O bond distance is 138.5 pm or greater. This bond distance, however, does not continue to increase as more waters are added.
In the structures we computed, this distance maximizes at 140.0 pm in structures 5W-B and 6W-B.
The computed energies, zero point energies, and relative energies for TMAO and all of the micro-hydrated clusters are presented in Table 2 . These relative energies are used in Figure 6 in that the structures are ordered in increasing energy for a given number of water molecules. Note that structures with two hydrogen bonds to the oxygen of TMAO tend to be more stable than those with one or three. The exceptions to this trend are 3W-B is more stable than 3W-C and 7W-A is more stable than 7W-B. In addition, only one stable structure was found with more than three hydrogen bonds to the central oxygen. This cluster is represented by 8W-C and has four hydrogen bonds to the oxygen of TMAO, but it is the relatively least stable system of any we found, lying 6.28 kcal/mol above the cluster represented by 8W-A.
It is also interesting to note the tilt of the water molecules around the central oxygen of TMAO in some of the smaller clusters. The optimized structure of TMAO has C 3v symmetry, yet when only one water is added, its tilt destroys all symmetry. The same is true for structure 2W-A. In fact, when these systems are forced to have C s symmetry, the optimized structures each have an imaginary frequency. However, when three waters are added around the central oxygen, the tilt of the waters is the same in each resulting in C 3 symmetry in structure 3W-B. Yet, when an additional water molecule is placed between two waters hydrogen-bonded to the central oxygen, both hydro- 
Discussion
The smooth progression of the peaks with increasing water concentration together with the good agreement with theoretical predictions allows for assignments to be confirmed both in the CH 3 bending and C-H stretching regions of TMAO. For example, Figure 8 shows a comparison of the Raman spectrum from the χ = 0.08 mole fraction solution with the simulated Raman spectrum of the 5W-B cluster. Agreement in both regions is very good, suggesting that the average interactions present in TMAO/water solutions adopt the geometries present in this cluster. In this structure, three hydrogen bonds are donated to the oxygen atom on TMAO. The clusters 6W-B and 8W-C (which has four hydrogen bonds to TMAO's oxygen atom) also possess this same structural motif and exhibit similar vibrational features. In the CH 3 bending region the pattern of peaks involving TMAO allows for assignments of all modes and by tracking the evolution with decreasing water content back to solid TMAO, the identities in the anhydrous solid are identified. These are summarized in Table 1 . The a 1 modes ν 3 and ν 4 are easily assigned as is the e mode ν 18 . This last mode, ν 18 , was observed as a doublet in the solid state, but is clearly assignable when clustered with water. The other two e modes, ν 16 and ν 17 are predicted to be close in energy. ν 16 is predicted by theory to be very weak, however, and inspection of the doublet centered at 1465 cm −1 with increasing water suggests that these two peaks are in fact the split ν 17 . This is supported by the strong similarity of the experimental and theoretical spectra shown in Figure 8 . It is likely, therefore, that previous assignments of ν 16 are questionable.
Kuroda and Kimura 14 previously reported polarized Raman spectra of the dihydrate and noted that the peak at 2970 cm −1 was polarized and possessed a character, whereas the peak at 3038 cm −1 was depolarized. Here, at higher concentrations of water, the peak at 2970 cm −1 is observed as a doublet. Agreement between experiment and theory is again very good with the lower energy peak in the doublet corresponding to an asymmetric and the higher energy a symmetric C-H stretch involving all of the hydrogen atoms on all three CH 3 groups in TMAO. Although the relative intensitites of these two peaks change with additional water molecules, the motions remain the same with the the lower energy being ν 15 with (e) symmetry and the higher energy and more intense being ν 2 with (a 1 ) symmetry. The increase in intensity of ν 2 upon microhydration suggests that this mode can exhibit a larger change in polarizability in the presence of water than in the solid state. The broad peak at 3040 cm −1 in Figure 8 turns out to be multiple (six in the case of structure 5W-B) overlapped CH 3 stretching modes in the theoretical spectrum. This broadening is made possible because interactions with water molecules increase the number of normal modes present in the newly formed molecular cluster.
The result presented here that TMAO likely hydrogen bonds on average to three water molecules is consistent with earlier theoretical predictions made by Athawale, et al. 45 using molecular dynamics simulations. It is also consistent with conclusions made by a number of recent joint experimental/theoretical studies. These include Panuszko et al. 29 who studied this subject in a joint spectroscopic/theoretical study, Meersman et al. 53 who studied TMAO solutions using neutron scattering and theoretical methods, and by Anand, et al. 69 who studied TMAO's effects using selfassembled monolayers (SAMs) and molecular dynamics simulations. Panuszko et al. suggested that three water molecules are directly coordinated to the TMAO molecule and that additional water molecules hydrogen bond to these first three or surround the hydrophobic part of the molecule.
Meersman, et al. argued that the oxygen atom is strongly hydrogen bonded on average to two to three water molecules. These last authors also suggested that the hydrogen bonded water network is tighter than in pure water. Anand, et al. also argued that TMAO makes on average three hydrogen bonds with water.
The results presented here also agree with recent observations made by Rezus 24 that it is the hydrogen bonding by water with the terminal oxygen atom in TMAO that is key to its ordering of the extended hydrogen bonded water network. As Zou et al. 58 pointed out, TMAO exhibits symmetry that is semi-spherical in nature and therefore creates different water structures at either end. At the hydrophilic end of the molecule, water molecules donate multiple hydrogen bonds to TMAO. However, Zou et al. 58 also reported a structured void near the methyl groups of TMAO suggesting that as shown in the current study that water preferentially bonds just to the oxygen in TMAO and that there are few interactions with the methyl groups. The blue shift seen here in the experimental C-H stretching region upon initial hydration is also observed in the theoretcial spectra. Since very few molecular clusters involving weak C-H· · · O interactions were considered (or even found as minima) this result suggests that hydrogen bonding by water to the terminal oxygen atom has an important effect on TMAO's methyl groups and that a blue shift occurs even without interactions between TMAO's methyl groups and water. In molecular clusters that do exhibit these weak C-H· · · O interactions, however, such as 5W-A and 7W-B, an even greater blue shift is ob-served, suggesting that this effect could be additive. In contrast to C-H stretching region, the CH 3 bending region of the spectrum (1350 -1550 cm −1 ) exhibited experimental red shifts. Interesting, these red shifts are only recovered in theoretical Raman spectra of molecular clusters with water molecules far from the methyl groups (3W-C and 6W-A). This intriguing result confirms the notion of a void space around the methyl groups and the formation of "iceberg water" in the surrounding solution. TMAO's effectiveness as an osmolyte is likely a direct result of this restructuring of the water network in its immediate vicinity.
Conclusions
The effects of hydration on the normal modes of TMAO have been investigated using Raman spectroscopy and electronic structure computations. By taking advantage of the selective and gradual nature of water-induced shifts and comparisons to theoretical predictions, assignments of TMAO's normal modes are re-examined and important structural motifs have been identified.
Good agreement between experiment and theory suggests that the oxygen atom in TMAO accepts on average at least three hydrogen bonds from neighboring water molecules.
Acknowledgment
This work has been supported, in part, by the National Science Foundation (EPS-0903787 and CHE-0955550).
Supporting Information Available
Cartesian coordinates of the optimized TMAO/(H 2 O) n clusters (n = 0 − 8) and additional Raman spectra of TMAO/water solutions. This material is available free of charge via the Internet at http://pubs.acs.org . Agreement between theory and experiment suggests that the oxygen in trimethylamine N-oxide accepts, on average, at least three hydrogen bonds from neighboring water molecules.
